Serum samples collected during the National Health and Nutrition survey (ENSANUT 2006) were obtained from subjects aged 1-95 years (January-October 2010) and analysed to assess the seroprevalence of Bordetella pertussis (BP) in Mexico. Subjects' gender, age, geographical region and socioeconomic status were extracted from the survey and compiled into a subset database. A total of 3344 subjects (median age 29 years, range 1-95 years) were included in the analysis. Overall, BP seroprevalence was 47·4%. BP seroprevalence was significantly higher in males (53·4%, P = 0·0007) and highest in children (59·3%) decreasing with advancing age (P = 0·0008). BP seroprevalence was not significantly different between regions (P = 0·1918) and between subjects of socioeconomic status (P = 0·0808). Women, adolescents and young adults were identified as potential sources of infection to infants. Booster vaccination for adolescents and primary contacts (including mothers) for newborns and infants may provide an important public health intervention to reduce the disease burden.
INTRODUCTION
Bordetella pertussis (BP) is endemic globally and is the fifth leading cause of death due to a vaccinepreventable disease in children aged <5 years worldwide [1] [2] [3] . Global estimates by the World Health Organization (WHO) revealed 16 million pertussis cases, 95% of which occurred in developing countries and about 195000 child deaths due to the disease in 2008 [4] . The last decade has witnessed new preventive vaccination strategies against pertussis as recommended by the Global Pertussis Initiative (GPI) and other experts in the field [2] .
In Mexico, the number of pertussis cases reported increased from 53 cases in 2000 to 559 cases in 2009 [5] . However, it is acknowledged that a substantial number of cases are underreported due to limitations in the diagnosis of pertussis [6] . Pertussis vaccination was introduced in Mexico between 1954 and 1955 using whole-cell pertussis vaccine combined with diphtheria and tetanus vaccines (DTPw); however, the vaccine coverage was poor. [7] . In 1973, DTPw was introduced into the universal mass vaccination programme and the vaccine coverage increased to 43% [7] . Since 2007, the routinely used vaccine against pertussis has been an acellular pertussis vaccine combined with diphtheria and tetanus vaccines (DTPa). It was combined with Haemophilus influenzae type b (Hib) and inactivated polio vaccine (IPV) to form a pentavalent vaccine (DTPa-Hib-IPV), administered at ages 2, 4, 6 and 18 months and an additional wholecell component vaccine, DTPw given at age 4 years [8] . In 2010, the reported vaccine coverage was high (95%) in Mexico [5] .
In many countries, despite high vaccination coverage in infants and children, an increase in reported pertussis cases has been observed [9] . Although there is under-reporting for older age groups to a large extent due to lack of typical pertussis symptoms, the frequency of infection is high in adolescents and young adults [9] [10] [11] . Waning vaccination-and infectionacquired immunity have been identified as significant contributors to the increase in pertussis morbidity in these populations [10] . These older age groups, in turn, have been recognized as sources of infection to non-immunized or partially immunized infants [6, 10] . This is also indicative of the fact that although pertussis is most commonly recognized in children, it has also been observed to affect other age groups [12] . Currently, there are two vaccines approved for adolescents and adults in Mexico; however, neither of them are included in the mandatory immunization schedules [13] .
There is a need to understand the burden of disease and evaluate the impact of existing immunization programmes in order to envisage future vaccination strategies to prevent infection, especially in adolescents and adults, and subsequently reduce the chances of transmission to vulnerable infants. For this reason, nationwide epidemiological data is required. However, recent data on the epidemiology of BP in Mexico is limited. Therefore, in order to identify groups susceptible to the disease, and thereby provide evidence to recommend potential preventive strategies, this study aimed to assess the overall seroprevalence of BP in Mexico and categorize the disease by gender, age, region and socioeconomic status (SES).
METHODS

Study design and subjects
A cross-sectional, seroprevalence study was conducted in Mexico between January and October 2010 (NCT01160081) based on the data and serum samples obtained from subjects (corresponding to 47152 households visited) who participated in the National Health and Nutrition Survey (ENSANUT 2006), which was conducted between October 2005 and May 2006. Household characteristics such as number of residents, age and other related characteristics have been described in the ENSANUT 2006 report [14] . ENSANUT 2006 used a probabilistic multistage stratified cluster sampling method to collect representative health and nutrition data from the entire Mexican population to update the prevalence of infectious and chronic diseases and their associated risk factors. The national survey included children (<10 years), adolescents (10-19 years) , and adults (520 years) who were selected for interview; blood samples were collected from 30% of these. The Ethics Commission from the Mexican National Institute of Public Health approved the survey.
Based on unique identification numbers (assigned during ENSANUT 2006) for the subjects included in the present study, demographic data including age, gender, geographical location and SES were obtained from the structured qualitative questionnaires from ENSANUT 2006 and compiled in a subset database designed by the Mexican National Institute of Public Health. SES for participants was stratified in three levels: low, middle and high. These strata were defined by using an index with several components such as building materials, number of rooms, domestic property, electricity and electronic goods [14] .
Subjects were excluded from the study in cases where information required for the study was not available or incomplete, quantity of serum sample was insufficient, or the serum sample was incorrectly identified.
Immunological assessment
As part of the survey, blood samples were collected, processed, stored in 2·5 ml aliquots and maintained under refrigeration at −150°C. The serum samples were processed at the Mexican National Institute of Public Health (a GSK-designated laboratory) in the present study. Antibodies against BP were determined quantitatively using an IgG pertussis toxin (PT) enzyme-linked immunosorbent assay (ELISA) method (Virotech®, Genzyme Corporation, Germany). Subjects with anti-PT antibody concentrations 511 Virotech units (VE) (545 FDA U/ml) were considered to be seropositive according to the manufacturer's specifications. The selection of this test kit was based on its sensitivity (84% and 80%) and specificity (87% and 93%) which has a linear correlation with the WHO reference preparation [15] . The first value corresponds to the working reference with anti-PT IgG content close to the suggested cut-off [WHO first reference reagent pertussis antiserum (human)] [15] . The second value corresponds to an in-house ELISA cut-off (>40 IU/ml). Additionally, the manufacturer indicated that a value >18 VE is equivalent to a conventional value of >125 IU/ml corresponding to an acute infection or vaccination received <12 months ago [15] .
Statistical analyses
All statistical analyses were performed using Statistical Analysis Software version 9.1 (SAS Institute Inc., USA). The sample size of about 4000 subjects selected by random simple sampling categorized by age in the serum bank was estimated to provide 80% statistical power assuming an overall seroprevalence ranging from a minimum of 25% in children to a maximum of 95% seroprevalence in adults. To be able to estimate national seroprevalences, a poststratification weight was obtained taking into consideration factors such as gender, age, area of residence and SES for each subject.
The overall BP seroprevalence and BP seroprevalence categorized by gender, age group (children, 1-9 years; adolescents, 10-19 years; adults, 520 years), region (Central, Mexico City, Southern Mexico, Northern Mexico) and SES (low, medium, high) were tabulated with 95% confidence intervals (CIs). Two-sided χ 2 testing was performed to compare BP seroprevalence differences between gender, age groups, regions and SES. P values < 0·05 were considered statistically significant. All subjects who were enrolled in the study were included in the total cohort for analyses. Subjects who were compliant with protocol-defined procedures, and for whom sufficient and correctly identified serum samples were available were included in the analysis.
RESULTS
Demographic characteristics
A total of 3984 subjects were enrolled in the study of which 3344 subjects were included in the analysis.
Subjects were eliminated from the analysis if they did not have the serum sample volume required for analysis (n = 636) and if information was missing (n = 4). Overall, the median age of subjects was 28 years (range 1-95 years) and 49·9% of subjects were female. The median age of children was 5 years (range 1-9 years); adolescents 15 years (range 10-19 years) and adults 38 years (range 20-95 years).
BP seroprevalence
Overall, 47·4% (95% CI 43·0-51·9) of subjects were seropositive for anti-BP antibodies. BP seroprevalence was observed to be higher in males (53·4%, 95% CI 47·1-59·6) than in females (41·4%, 95% CI 36·5-46·4) (P = 0·0007) ( Table 1) .
Analysis according to age revealed that the highest BP seroprevalence was observed in children (1-9 years) with 59·3% (95% CI 55·8-62·8) of this group being seropositive for anti-BP antibodies, while BP seroprevalence decreased further with age. Percentage of adolescents (10-19 years) and adults (520 years) seropositive for anti-BP antibodies was 40·4% (95% CI 36·9-43·9) and 46·3% (95% CI 39·5-53·0), respectively. The difference in seroprevalence between the three age groups was statistically significant (P = 0·0008). The BP seroprevalence observed in age groups further stratified is shown in Figure 1 . Regarding females, BP seroprevalence was higher in children and older adults compared to adolescent and young adult age groups: 10-19 years (38·2%), 20-29 years (28·2%), 30-39 years (38·3%) 40-49 years (36·7%) compared to 1-9 years (53·4%) and 50-59 years (65·3%) (Fig. 2) . Across the age range 1-20 years, the results of the study revealed BP seroprevalence in children at age 4 years to be 79·3% (95% CI 68·5-90·1), following which, the BP seroprevalence was observed to decrease with age (Fig. 3) . BP seroprevalence was observed to be 54·1% (95% CI 48·1-60·1) in Northern Mexico compared to 39·5% (95% CI 24·6-54·5) in Mexico City (Table 1) . BP seroprevalence by age group across regions is shown in Table 2 and Figure 4 . In the Central region, BP seroprevalence was highest in children (65·2%, 95% CI 52·5-77·9) with decreasing seroprevalence in adolescents (41·9%, 95% CI 35·7-48·1) and adults (38·0%, 95% CI 27·0-49·0). In Southern Mexico, the highest BP seroprevalence (53·4%, 95% CI 45·8-61·0) was Children aged 1-9 years presented with the highest prevalence with a decreasing trend in other strata. Some specific statistical differences were seen for this age group and adolescents and adults aged >20 years. Seropositivity rate (%) = percentage of subjects who were seropositive (anti-BP antibody concentrations >45 FDA U/ml). Error bars represent 95% confidence intervals. . Bordetella pertussis (BP) seroprevalence by age group across regions. In the Central region, seroprevalence was the highest in children, decreasing in adolescents and adults. In Southern Mexico, the highest BP seroprevalence was observed in children, decreasing in adolescents, and rising in adults. However, in the case of Northern Mexico, BP seroprevalence was comparable between children and adults, while in adolescents it was low. Seropositivity rate (%) = percentage of subjects who were seropositive (anti-BP antibody concentrations >45 FDA U/ml). Error bars represent 95% confidence intervals.
observed in children, decreasing in adolescents (38·5%, 95% CI 33·2-43·8) and increasing in adults (50·5%, 95% CI 41·6-59·3). However, in the case of Northern Mexico, BP seroprevalence was observed to be comparable between children (55·8%, 95% CI 47·4-64·2) and adults (57·9%, 95% CI 49·1-66·6), while the seroprevalence in adolescents was low (40·1%, 95% CI 34·8-45·3). BP seroprevalence observed in subjects of low SES was 47·9% (95% CI 43·2-52·6) and in subjects of high SES it was 29·7% (95% CI 12·0-47·4) ( Table 1) .
A total of 729 (21·8%) subjects analysed had >18 VE corresponding to either current infection or a relatively recent vaccination. Of the total seropositive subjects (n = 1585), 46% (n = 729) had results consistent with an acute infection or had been recently immunized within the past year. Last, 90·7% of individuals with values >18 VE were aged 55 years. There were no gender, geographical or socioeconomic differences in people with probable acute infection.
DISCUSSION
To our knowledge, this is the most recent populationbased seroprevalence study conducted in Mexico. This study determined the nationwide seroprevalence of BP in Mexico and also assessed any possible correlation between BP seroprevalence and gender, age, region and SES. The findings of this study indicate that despite a high vaccination coverage rate in Mexican infants, the circulation of BP still exists due to possible waning immunity in older populations.
In this study, assessment by gender indicated a statistically significant difference in BP seroprevalence, observed to be higher in males compared to females (P = 0·0007). In contrast, a study conducted in Turkey showed a higher seroprevalence in females than in males (P = 0·03) indicating that females were more susceptible to pertussis [16] . However, in studies conducted in Taiwan and Italy, there were no significant differences in BP seroprevalence with respect to gender [17, 18] . The decreasing BP seroprevalence was observed in females of childbearing years. This is of note, given that most Mexican women give birth when they are in the 20-30 years age range [19] . This is consistent with studies that suggest that most women of childbearing age have low levels of antibodies to childhood diseases, including pertussis, and therefore are unable to transfer considerable antibodies to the newborn in the weeks following birth [20] . Although it is expected that passively acquired pertussis antibodies will protect newborn infants [21, 22] , low maternal antibody levels are not likely to provide protection to newborns. This lack of protection leaves the newborn susceptible to the disease. Therefore, there must be sufficient antibody titre (which has a half-life of only 36 days) in the mother's sera to provide protection at least until administration of vaccine to the young infant [21, 22] . The lower BP seroprevalence observed in females strongly supports the importance of vaccination strategies to protect newborns.
Age-specific BP seroprevalence suggest low BP seroprevalence in the population comprising adolescents and young adults (P = 0·0008), while also reflecting a possible waning immunity. Waning immunity may be related to the increase in pertussis cases as has been reported previously [23] . Evidence of an increase in pertussis cases in these age groups has been observed previously in public schools in Mexico City, which indicated low pre-existing immunity in adolescents (despite high immunization coverage during childhood) and reported a high pertussis infection incidence rate in adolescents [24] . This previous study conducted in 2009 highlighted the danger of an unrecognized risk of transmission to infants and suggested that the substantial disease burden of pertussis in Mexican adolescents should be considered when planning public health interventions, including an adolescent pertussis booster vaccination [24] . In the present study, a peak in anti-BP seropositivity was observed in children at age 4 years, probably due to the whole cellular pertussis booster dose administered at that age. Post-4 years of age, a decreasing trend in BP seroprevalence with increasing age was observed in adolescents and young adults, with the lowest seropositivity rates observed between ages 9 and 13 years. Similar findings were reported in an epidemiological study conducted by Cattaneo et al.
where they analysed serum samples of healthy individuals aged 1-65 years [25] . The results of this previous study also showed a peak in anti-BP seropositivity at ages 4-6 years, which was most likely due to DTPa administered as a booster dose [25] . PT has been established as the only antigen specific to BP and is used as an estimate of BP circulation [22] . Vaccineinduced antibodies to PT are minimal and short-lived [26, 27] . It has also been suggested that whole cell vaccines rarely induce antibodies to PT [28, 29] as the amount of PT antigen in the whole cell vaccine itself is low, which could possibly be a reason for fewer adolescents and adults being seropositive for anti-BP antibodies in Mexico. Even in populations with whole cell pertussis vaccines containing moderate to high amounts of PT, the vaccine-induced antibodies decline and are barely detectable after 2-4 years [27] . The spike in seropositivity after age 50 years may be attributed to recent and natural BP infection [21, 30, 31] , which suggests an increased circulation of BP in this age group [32] . Antibody responses to BP occur in most people with BP natural infection and although high antibody levels are observed, they persist only temporarily [26, 27] . Recently, it has been shown that age does not significantly influence the rise, peak and decline of antibody titres following infection [27, 33] . Small differences between regions of Mexico might be explained by regional disparities in terms of socioeconomic development. The Northern and Central states are more developed than the Southern states. Previous reports have indicated that Southern Mexico has limited resources, characterized by a strong indigenous heritage and is socioeconomically challenged, which suggests higher exposure in comparison to other states [34] . However, it is important to highlight that historically, individuals of low SES have a higher seroprevalence to BP than those of higher SES; a candidate explanation for this could be residential crowding for low SES individuals. In this study, however, the formal definition of SES for ENSANUT may be a potential confounding factor for the observed comparable seroprevalence rates in people from different SES levels [14] .
As mentioned earlier, antibodies to PT can be used as an estimate of BP circulation [20] . The test used in the study, IgG PT ELISA is a validated assay that has been proven to show overall good sensitivity and specificity for measuring antibodies to PT [15] . This is because the assay contains only purified PT as an antigen which has been established as highly effective in contrast to other ELISA kits using a mixture of antigens [15, 22] .
Latin American countries, such as Argentina and Panama, introduced adolescent immunization to reduce the potential source of infection from older age groups to infants [8] . The 'cocoon strategy', recommended by the GPI was implemented by Costa Rica in 2007 and by Panama in 2009, both in response to outbreaks [1, 8] . Despite the benefits associated with the cocoon strategy, cocooning may be insufficient to protect infants from pertussis during the first 1-2 weeks of life [20] . There has also been limited success in vaccinating fathers and other family members in close contact with newborns [35] and in reality, cocooning is expensive and logistically complicated [36, 37] . On the other hand, maternal immunization results in reduction of disease in women and provides potentially better protection of infants through passively acquired antibodies from the mother [38] . Furthermore, the Advisory Committee on Immunization Practices recommended a single dose of tetanus toxoid, reduced diphtheria toxoid and acellular pertussis vaccine (Tdap) for unvaccinated pregnant mothers (or immediately postpartum) and for adults aged >65 years if they have or anticipate having close contact with an infant aged <12 months and previously have not received Tdap [39] .
Important limitations need to be acknowledged in the present study. The risk factors related to BP and the BP vaccination history for adolescents and adults were not taken into consideration. In addition, the PT ELISA test did not differentiate between vaccineinduced antibodies and antibodies induced as a result of infection. Nonetheless, most of the subjects who reported higher values of IgG were older subjects with a very low chance of having been vaccinated recently and most likely corresponded to an acute pertussis infection. These limitations highlight the restrictive nature of the current surveillance and emphasize the need for improvement in order to suitably evaluate public health interventions considering the difference in disease and infection rates. Further areas of study needed in Mexico are the distinction between antibodies due to infection and antibodies due to immunization, the seasonality and increase in the number of pertussis cases, and documentation of the indication of vaccination in adolescents and young adults.
In conclusion, the results of this study indicate waning immunity against pertussis in adolescents and young adults and suggest that BP is widely circulating in these populations in Mexico. These populations serve as potential reservoirs of infection to infants and young children. Furthermore, the trends observed in the study appear to be consistent with the vaccine schedule and vaccine coverage in Mexico. In view of recognizing the importance of diminishing immunity with age in adolescents and adults and the convenience of a previous ad-hoc cost-effectiveness evaluation, booster vaccination in these populations including primary contacts (such as mothers) for newborns and infants may provide an important public health intervention to reduce the pertussis-related disease burden.
